R adiculopathy, back pain, and neurogenic claudica tion are common clinical presentations of lumbar degenerative spondylolisthesis. Treatment frequent ly begins with medication, local injection, and physical therapy. For those patients who are refractory to conserva tive management, surgery has demonstrated substantially greater improvement in degenerative spondylolisthesis with stenosis. 29, 30 Surgical decompression of the neural el ements obviously facilitates relief of neurological symp toms. Moreover, stabilization is also considered crucial in AbbreviAtioNs ASD = adjacent-segment disease; DDS = Dynesys dynamic stabilization; EBL = estimated blood loss; JOA = Japanese Orthopaedic Association; MI = minimally invasive; ODI = Oswestry Disability Index; PET = polyethylene-terephthalate; TLIF = transforaminal lumbar interbody fusion; VAS = visual analog scale. obJective In the past decade, dynamic stabilization has been an emerging option of surgical treatment for lumbar spondylosis. However, the application of this dynamic construct for mild spondylolisthesis and its clinical outcomes remain uncertain. This study aimed to compare the outcomes of Dynesys dynamic stabilization (DDS) with minimally invasive transforaminal lumbar interbody fusion (MI-TLIF) for the management of single-level spondylolisthesis at L4-5. methods This study retrospectively reviewed 91 consecutive patients with Meyerding Grade I spondylolisthesis at L4-5 who were managed with surgery. Patients were divided into 2 groups: DDS and MI-TLIF. The DDS group was composed of patients who underwent standard laminectomy and the DDS system. The MI-TLIF group was composed of patients who underwent MI-TLIF. Clinical outcomes were evaluated by visual analog scale for back and leg pain, Oswestry Disability Index, and Japanese Orthopaedic Association scores at each time point of evaluation. Evaluations included radiographs and CT scans for every patient for 2 years after surgery. results A total of 86 patients with L4-5 spondylolisthesis completed the follow-up of more than 2 years and were included in the analysis (follow-up rate of 94.5%). There were 64 patients in the DDS group and 22 patients in the MI-TLIF group, and the overall mean follow-up was 32.7 months. Between the 2 groups, there were no differences in demographic data (e.g., age, sex, and body mass index) or preoperative clinical evaluations (e.g., visual analog scale back and leg pain, Oswestry Disability Index, and Japanese Orthopaedic Association scores). The mean estimated blood loss of the MI-TLIF group was lower, whereas the operation time was longer compared with the DDS group (both p < 0.001). For both groups, clinical outcomes were significantly improved at 6, 12, 18, and 24 months after surgery compared with preoperative clinical status. Moreover, there were no differences between the 2 groups in clinical outcomes at each evaluation time point. Radiological evaluations were also similar and the complication rates were equally low in both groups. coNclusioNs At 32.7 months postoperation, the clinical and radiological outcomes of DDS were similar to those of MI-TLIF for Grade I degenerative spondylolisthesis at L4-5. DDS might be an alternative to standard arthrodesis in mild lumbar spondylolisthesis. However, unlike fusion, dynamic implants have issues of wearing and loosening in the long term. Thus, the comparable results between the 2 groups in this study require longer follow-up to corroborate.
R adiculopathy, back pain, and neurogenic claudica tion are common clinical presentations of lumbar degenerative spondylolisthesis. Treatment frequent ly begins with medication, local injection, and physical therapy. For those patients who are refractory to conserva tive management, surgery has demonstrated substantially greater improvement in degenerative spondylolisthesis with stenosis. 29, 30 Surgical decompression of the neural el ements obviously facilitates relief of neurological symp toms. Moreover, stabilization is also considered crucial in such cases because it ameliorates the pathological motion at the index level. Although there is still inadequate evi dence of the optimal surgical management method, inter body fusion may improve the rate of arthrodesis and can be performed via various surgical approaches (e.g., anterior, posterior, and transforaminal). 5, 26 The techniques applied for arthrodesis have evolved over the years. In the last several decades, the introduc tion of pedicle screws, interbody cages, and various types of biologics and grafting materials has increased the rate of success for spinal fusion. Symptomatic degenerative spondylolisthesis with spinal stenosis at L4-5 is one of the most frequent indications for lumbar interbody fusion. 14, 20 Harms and Rolinger first described the surgical approach of transforaminal lumbar interbody fusion (TLIF) in 1982. 9 Since then, the technique has been widely adapted and used worldwide. Furthermore, with technological im provements in recent years, the surgical approach of mini mally invasive (MI)-TLIF has gained popularity and its effectiveness has been demonstrated for spondylolisthe sis. 16, 18, 23, 27 In the recent decade, dynamic stabilization has been an emerging option for the management of lumbar spondylo sis. Dynamic stabilization methods include interspinous devices and pedicle screw-based stabilization systems. The Dynesys dynamic stabilization (DDS; Zimmer Bio met) system is the subject of many published reports on its application for the management of lumbar degenerative disc disease, 6, 13, 31, 32 spondylolisthesis, 7, 8, 10, 20, 22 and even de generative scoliosis. 3, 4, 15 However, the application of these dynamic constructs for spondylolisthesis and its clinical outcomes remain unclear. Therefore, this study aimed to compare the outcomes of DDS with those of standard lumbar fusion surgery via MITLIF.
methods patient population
Consecutive patients who underwent surgical manage ment for singlelevel Meyerding Grade I spondylolisthesis at L4-5 between 2007 and 2012 were included. All clini cal and radiological data of the 91 patients who under went MITLIF or DDS were retrospectively reviewed. All patients had singlelevel (L4-5) lumbar degenerative disc disease or spinal stenosis with degenerative spondylolis thesis, causing symptoms such as neurogenic claudication, back pain, leg pain, or any combination of these. Every pa tient had a poor response to at least 12 weeks of conserva tive management, including medication and physical ther apy, before proceeding to surgery. Patients were excluded for multiple levels of disc disease, Meyerding Grade II or higher spondylolisthesis, degenerative scoliosis, the pres ence of vertebral fracture, infection, tumor, or loss in fol lowup. Patients with systemic connective tissue diseases, such as rheumatoid arthritis, ankylosing spondylitis, and psoriatic arthritis, were also excluded.
Every patient was evaluated preoperatively by MRI and anteroposterior and lateral dynamic radiographs for grading of spondylolisthesis. Patients were divided into 2 groups, DDS and MITLIF, for comparison of clinical and radiological outcomes. The choice between fusion (MI TLIF) or dynamic stabilization (DDS) was made by the patient and his/her family after discussion with the senior surgeon. Although the information was provided by the consultant with a balanced point of view, there may have been economic influences because DDS was approxi mately 50% less expensive than MITLIF and the patients had to pay.
Three attending surgeons (J.C.W., W.C.H., and H.C.) covered all patients (in both the DDS and MITLIF groups) and used similar surgical techniques taught by the senior author (H.C.).
surgical techniques
All patients underwent general anesthesia while in a prone position with adequate cushion. For DDS, standard total laminectomy of L4 was performed via a posterior midline incision. Bilateral neural foramen and lateral re cesses were decompressed by Kerrison rongeurs. Caution was taken to preserve the facet joints bilaterally. Generous subdermal dissection through the same midline skin inci sion allowed another 2 fascial incisions, 1 on each side, for dissection via the Wiltse approach. The Dynesys titanium alloy screws were then placed transpedicularly through the Wiltse plane without destruction of the facet joints. The constructs, polycarbonateurethane spacers and poly ethyleneterephthalate (PET) cords (SulenePET), were assembled. A tensioning instrument was used to exert ten sion on the PET cord with the specified preload. There was no intentional intraoperative reduction of any listhesis or change of the lordotic curvature. Lateral fluoroscopy was routinely used to ensure optimal positioning of the screws prior to the end of surgery.
For MITLIF, the primary decompression procedure and placement of the interbody cage were performed on the side that was more symptomatic. Tubular retractors, ex pandable or nonexpandable, were introduced under fluoro scopic guidance to the indexed facet joints. Laminotomy and facetectomy were then performed with a highspeed drill and Kerrison rongeur. The ligamentum flavum was then removed to expose the Kambin triangle. For decom pression of the contralateral side, the tubular retractor was angled medially and the patient was tilted laterally. Extensive decompression was then performed, including decompression of central stenosis and the contralateral neural foramen. In selected cases, bilateral facetectomies were performed to ensure adequate decompression. After discectomy, local bone autografts and demineralized bone matrix were packed into a polyetheretherketone interbody cage and then inserted into the disc space along the tra jectory of the working tube. After removal of the tubular retractor, placement of 4 pedicle screws percutaneously was done under fluoroscopy. All wounds were copiously irrigated before being closed in layers.
clinical and radiographic evaluations
All medical records, operative notes, and radiological studies were retrospectively reviewed. Clinical outcomes were measured using the visual analog scale (VAS) for back and leg pain, the Oswestry Disability Index (ODI), and clinical symptom scores of the Japanese Orthopaedic Association (JOA). The patients completed questionnaires preoperatively and approximately 6, 12, 18, and 24 months postoperatively. All clinical outcomes were evaluated by a special nurse assistant under the supervision of the physi cian during each clinic visit.
Preoperative and postoperative radiographs, including lateral flexion and extension views, were evaluated and compared. Postoperative CT was used to detect screw malpositioning or loosening. Screw loosening was defined by the presence of an initial halo sign (i.e., a radiolucent line around the implant > 1mm wide) followed by a dou blehalo sign on subsequent anteroposterior radiographs during followup. All patients had CT scans during follow up for determination of possible screw loosening. 1, 13, 21, 32 All measurements were performed on a flatpanel screen of the picture archiving and communication system using quantitative analysis software. Radiographic interpreta tions were made by independent radiologists and neuro surgeons. To attain consensus in cases of ambiguity, CT scans and discussions were used for the final determina tion of a halo sign.
statistical Analysis
Data are presented as the mean ± SD for continuous variables and as frequency and percentages for categorical variables. All statistical tests were 2tailed, and p < 0.05 was considered statistically significant by independent t test, paired ttest, or chisquare test. All statistical analyses were performed using MedCalc software (Ostend).
results
A total of 91 patients with L4-5 degenerative spondy lolisthesis were included in the present study, and 86 pa tients completed the followup of more than 2 years (Table  1) . Meyerding Grade I spondylolisthesis with stenosis was confirmed by lateral radiographs and MRI preoperatively. There were 64 patients (74%) in the DDS group, who re ceived standard open laminectomy and implantation of the Dynesys screws. There were 22 patients (26%) in the MITLIF group, who underwent TLIF via tubular retrac tors and had percutaneous screw placement.
There were no statistically significant differences be tween the DDS and MITLIF groups in age, sex, and body mass index (p = 0.53, 0.35, and 0.36, respectively). There were also no differences in patients' comorbidities, such as diabetes mellitus, hypertension, and cigarette smoking, between the 2 groups ( Table 1) .
The estimated blood loss (EBL) of the MITLIF group was significantly less than that of the DDS group (232.5 ± 194.2 vs 348.0 ± 242.2 ml, p < 0.001), whereas the mean operation time of the MITLIF group was longer than that of the DDS group (4.5 ± 1.3 vs 3.3 ± 1.0 hours, p < 0.001) ( Table 2) .
vAs back and leg pain scores
For patients in the DDS group, mean VAS scores of back and leg pain improved significantly after the opera tion (back pain from 6.4 ± 3.0 preoperatively to 2.3 ± 2.3 postoperatively; leg pain from 7.1 ± 2.5 to 2.3 ± 2.4; both p < 0.001). Similarly, for patients in the MITLIF group, the mean VAS scores improved significantly after the opera tion (back pain from 6.9 ± 2.1 preoperatively to 2.9 ± 2.6 postoperatively; leg pain from 6.0 ± 2.9 to 2.1 ± 2.3; both p < 0.001). Furthermore, there were no differences in the VAS leg (Fig. 1) or back (Fig. 2) pain scores between the 2 groups at each time point of evaluation, including preop eratively and at postoperative followups (Tables 1 and 2 ).
odi and JoA scores
Both the DDS and MITLIF groups had similar im provement in ODI scores after surgery. The ODI scores of the DDS group improved from 24.7 ± 9.6 preoperatively to 10.1 ± 7.7 postoperatively (p < 0.001). The ODI score also improved significantly in the MITLIF group from 23.0 ± 7.7 preoperatively to 9.9 ± 7.1 postoperatively (p < 0.001). Moreover, there were no inter or intragroup differences at any time point of evaluation (Fig. 3, Tables 1 and 2 ).
Both the DDS and MITLIF groups had similar im provement in JOA scores after surgery. The JOA scores of the DDS group improved from 5.0 ± 2.8 preoperatively to 10.1 ± 3.4 postoperatively (p < 0.001). The JOA scores also improved significantly in the MITLIF group, from 5.9 ± 2.9 preoperatively to 10.1 ± 3.4 postoperatively (p < 0.001). Furthermore, there were no inter or intragroup differences at any time point of evaluation (Fig. 4 , Tables  1 and 2 ).
Adjacent-segment disease
The incidences of adjacentsegment disease (ASD) were not significantly different between the DDS and MITLIF groups (23.4% vs 31.8%, p = 0.62). After a meticulous re view of postoperative image evaluations, 17 22 patients (15 and 7 patients from the DDS and MITLIF groups, respec tively) were found to have radiological evidence of ASD (e.g., loss of disc height, disc degeneration/herniation, in stability, listhesis, and hypertrophic facet arthritis) during the study period (Table 3 ). Although none of the patients were symptomatic or have had any clinical correlations to date, longerterm followup is warranted for these patients.
complications of surgery
In the DDS group, 1 patient had incidental durotomy during surgery, which was repaired without further com plications. One patient in the DDS group underwent sec ondary surgery due to wound infection. Five patients had asymptomatic screw loosening, as determined by follow up image evaluations. All 5 patients with loosened screws had minimal symptoms, and the halo signs remained the same without progression or further screw breakage. Thus, none of them required further surgery (Table 2 ).
In the MITLIF group, 1 patient had secondary surgery for screw revision due to malpositioning of a right L5 pedicle screw. There were no neurological deficits in any of the patients who experienced complications.
illustrative cases case 1
A 69yearold man had intermittent lowback pain for more than 2 years. He presented with sciatica, numbness, and neurogenic claudication. An MRI study demonstrated spinal stenosis at L4-5 caused by the bulging of anular fi brosus and hypertrophic ligamentum flavum (Fig. 5A) and Grade I degenerative spondylolisthesis (Fig. 5C ). Due to poor response to medical management and physical ther apy, surgical decompression and stabilization were sug gested. Standard midline total laminectomy of L4 with DDS implantation were performed. The patient's symp toms remarkably improved after the surgery and his post case 2 A 64yearold woman had lowback pain with radiat ing pain down to her bilateral thighs for approximately 3 months, despite physical therapy. Also, there had been progressive neurogenic claudication for several months. Her MRI demonstrated spinal stenosis due to the bulging of anular fibrosus at L4-5 and hypertrophy of ligamentum flavum (Fig. 6A) . Lateral radiographs revealed Meyerding Grade I spondylolisthesis at L4-5 (Fig. 6C) . MITLIF was performed without adverse events. The patient's symp toms improved greatly after surgery and her postoperative course was uneventful for up to 2 years of followup (Figs. 6B and D and 7C and D).
discussion
To our knowledge, the present study is the first to com pare DDS with MITLIF for the management of Meyerd ing Grade I spondylolisthesis, specifically at L4-5. All patients had singlelevel spondylolisthesis and presented with symptoms of stenosis and instability. Patients were placed into the DDS and MITLIF groups (64 and 22 pa tients, respectively). Clinical (including VAS back and leg pain, ODI, and JOA scores) and radiological outcomes were compared. The followup period was a minimum of 2 years (mean 32.7 months). There were few differences between patients who received DDS versus MITLIF sur gery. The present series of 86 patients demonstrated high rates of neurological improvement with low rates of ad verse events. Both DDS and MITLIF yielded satisfactory clinical and radiological outcomes. Therefore, DDS ap peared to be an acceptable alternative to MITLIF for the management of mild spondylolisthesis at L4-5.
Standard open TLIF has been an accepted surgical op tion for patients with lumbar spondylolisthesis. 11 During the last decade, MITLIF has been an emerging option. A number of series have demonstrated that MITLIF pro vided similar clinical and functional outcomes with less softtissue damage, decreased blood loss, reduced length of hospital stay, and earlier recovery than standard open TLIF. 11, 12, 28 In a retrospective study of 100 patients with lowgrade spondylolisthesis, there were no statistical dif ferences between 2 groups of patients who underwent open versus minimally invasive approaches with more than 4 years of followup. The clinical and radiological outcomes were similar, although longer operative time and more EBL were demonstrated in the group of patients who under went open TLIF. 33 Another retrospective study reviewed 42 patients with lowgrade spondylolisthesis and equally 19 There were no differences in functional out comes, including VAS back and leg pain and ODI scores, between the groups. However, time of return to work and length of hospital stay were significantly shorter in the MI TLIF group than the openTLIF group.
There are a number of published series that used DDS to treat symptomatic spondylolisthesis. Hoppe et al. re ported 39 consecutive patients with degenerative lumbar spondylolisthesis at L4-5 treated with laminectomy and DDS. During a mean followup of 7.2 years, they dem onstrated that over 80% of patients' back and leg pain improved significantly following surgery. 10 Payer et al. re ported another retrospective study, which included 30 pa tients with singlelevel degenerative spondylolisthesis and spinal stenosis who were followed up for 2 years. Payer and colleagues demonstrated improved functional out comes including VAS scores of leg and back pain, which improved significantly. Also, the average painfree walk ing distance improved from 500 m preoperatively to more than 2000 m at 2 years after surgery. 20 A prospective study by Schnake et al. included 26 patients who underwent decompression and DDS for lumbar spinal stenosis and degenerative spondylolisthesis. Schnake and colleagues also demonstrated a significant decrease in leg pain and improvement in walking distance after DDS. Thus, the authors stated that DDS not only improved clinical and functional outcomes but also restored normal function of the spinal segments while protecting the adjacent seg ments. 24 Fay et al. reported on 72 patients managed with 1 or 2level DDS, and they demonstrated intervertebral disc rehydration in younger patients, with significant im provement of clinical outcomes. 6 Unlike spinal fusion surgery, there has always been the concern of screw loosening in patients managed with dynamic stabilization. Instrumentation failure, including loosened and broken screws, remains and will be the most worrisome issue of DDS surgery, although few side effects have been reported. In a large series of DDS surgeries, a total of 658 screws in 126 patients were followed up for 37 months; 4.7% of screws became loose. 32 These authors also stated that at least 1 screw became loose in 19.8% of patients, and older patients or those with diabetes had a higher risk of screw loosening. Furthermore, those pa tients who had screw loosening were asymptomatic and had very similar clinical outcomes to those patients who had not experienced screw loosening. Ko at el. published a study of 71 patients who underwent 1 or 2level DDS, and reported screw loosening in 19.7% of patients involving 4.6% of screws. 13 These authors also found few symptoms related to screw loosening. Others have reported rates of screw loosening ranging from 6.7% to 18% in various se ries using different methods of assessment. 20, 25 Interest ingly, there were very few reports that addressed adverse events or secondary surgery related to loosened screws. Most of the patients who underwent DDS surgery had im proved clinical symptoms, including those patients who had loosened screws.
There are limitations to the current study. This was a retrospective nonrandomized cohort. The choice of DDS or MITLIF was arbitrarily decided by the patient after consultation with the senior surgeon. Although both op tions were clearly presented and well explained, the pa tients' choices could have been biased because the cost of MITLIF at the authors' institution was approximately twice as much as DDS. This might also account for more patients in the DDS group, although the expectations and psychological influences caused by the differences in price remain unclear. However, the series included consecutive patients with spondylolisthesis only at L4-5. This rela tively uniform inclusion, substantiated by the similar pre operative conditions of both groups (Table 1) , minimized confounding factors. There have been few studies in the literature limiting the pathology to only L4-5 and com paring DDS with MITLIF. Furthermore, the mean follow up of more than 2.5 years is reasonable for spinal arthrod esis operations, but might be a bit short for DDS surgeries. The durability of the dynamic instrumentation remained uncertain, because screw loosening or progression of pa thology needed a longer time for evaluation. The optimal surgical management of degenerative spondylolisthesis is debated among spinal surgery experts. Although the present study demonstrated few differences between DDS and MITLIF, it did shed some light upon choice of procedure and future investigations. For younger patients with preserved disc height, minimal facet arthrop athy, fewer radicular symptoms, and good bone quality, the application of DDS might be reasonably contemplated because it preserves motion and avoids interbody proce dures. Nonetheless, for elderly patients who have osteope nia, severe spondylosis and arthropathy, incompetent fac ets, or advanced degenerative disc disease, it is safer to use spinal fusion procedures such as MITLIF. Because DDS uses less aggressive bony decompression than MITLIF and inevitably has a higher risk of screw loosening in the long term, it is better suited for patients with less degen eration. Future investigations are necessary to ascertain the durability of DDS, as well as its ability to halt lumbar degeneration. 
conclusions
At 32.7 months of followup, the clinical and radiologi cal outcomes of DDS were similar to those of MITLIF for Grade I degenerative spondylolisthesis at L4-5. DDS may be an alternative to standard arthrodesis in mild lumbar spondylolisthesis. However, unlike fusion, dynamic im plants have the issues of wearing and loosening in the long term. Thus, the comparable results between the 2 groups in this study require longer followup to corroborate.
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